Solar Integrated Roof: Electrical and Thermal Production for a Building Renovation  by Aste, Niccolò et al.
 Energy Procedia  30 ( 2012 )  1042 – 1051 
1876-6102 © 2012 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of PSE AG
doi: 10.1016/j.egypro.2012.11.117 
SHC 2012 
Solar integrated roof: Electrical and thermal production for a 
building renovation 
Niccolò Aste, Rajendra Singh Adhikari, Lavinia Chiara Tagliabuea* 
Department of Building Environment Science & Technology, Politecnico di Milano, Via Bonardi 9, Milano 20133, Italy 
 
Abstract 
Solar renovation of a training Centre at Casargo, Lecco, Italy was financed in 2006 by Lombardy Region in 
collaboration with Politecnico di Milano. The refurbishment programme interested the technical unit of the building 
and reduced thermal demand. The technology used for the roof refurbishment is an innovative system called TIS 
(Tetto Integrale Solarizzato); which means solar integrated roof and developed by the Italian company Seccosistemi 
under a research collaboration with Politecnico di Milano. TIS is a modular covering system with the option to insert 
the various types of solar energy modules, providing most suitable dimension and configuration for a specific 
application. The prototype of TIS system was studied by R&D programme carried out at the Politecnico di Milano 
aimed at the creation of a practical and flexible system, easy to install and maintain, that would allow the co-presence 
of hybrid photovoltaic thermal panels, air or water thermal collectors and non-energetic closure elements, in such a 
way as to be used the whole shell and not only those parts affected by solar installation. 
This paper presents the design details, energy performance and economic evaluation of solar integration roof of 
Casargo. The building is under mointoring phase. A comparision has been made between the monitored and 
simulated energy performance data. Further an economic analysis has been carried out to estimate financial benefits 
derived from the solar integration roof. Finally the estimations have been made regarding the avoided CO2 emissions 
and its cost.  
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1. Introduction 
Over the past decade, rapid growth of energy consumption and CO2 emissions in building sector has 
made energy efficiency a priority objective in various countries by developing new building regulations 
and certification schemes targeting to minimum energy performance requirements [1]. In addition the 
consumers are demanding increasingly flexible, convenient and clean energy forms. In European Union, 
the recently adopted EPBD recast [2] states that by the end of 2020 all new buildings should be "nearly 
zero energy buildings (NZEB)", i.e. with very high energy performance and their energy requirements 
covered by renewable energy sources to a significant extent. The further target is to achieve the goal of 
"net zero energy buildings" in few years. Moreover, the European Union have pledged to achieve a 20% 
share of renewable sources in final energy consumption and the same share as reduction of final uses by 
2020. In this context, among various renewable energy technologies, solar energy systems either thermal 
or photovoltaics are getting an important role regarding their integration into building architecture in 
respect of energy savings and low environmental impact. According to recent study of IEA [3] on solar 
thermal market conducted for 53 countries all over the world, an installed capacity of 172.4 GWth 
corresponding to a total of 246.2 million m2 of collector area was in operation by the end of 2009. In 
recent times, also at European level, solar thermal systems market had a strong growth [4]. The installed 
capacity in these countries represents more than 90% of the solar thermal market worldwide. The same is 
also true for the market growth of photovoltaic system [5,6].  
It also leads to increase the effectiveness regarding the introduction of renewable energy systems in the 
real estate sector. Further, the public institutions must act as leaders for private customers by 
demonstrating the effectiveness and feasibility of renewable energy projects with real and exemplary 
interventions. 
In this respect, the project ‘Solar Integrated Roof’ of the Professional Training Centre in Casargo, 
province of Lecco, is a pilot project in the framework of a programme launched by the Lombardy Region 
with EC project ALTENER [7] for promoting and financing energy saving technologies integrated to 
building architecture and consequently, publicising the awareness regarding energy-environmental 
problems among the public. 
The building under refurbishment is situated in north of Italy at the altitude of 900 m from the sea-
level. The building is oriented along east-west direction and its main façade is south facing. The solar 
integrated system has a total surface area of about 390 m2, installed on the south facing part of the sloped 
roof. The system is equipped with solar air collectors in the central part of the roof; solar water collectors 
at the east and west zones, and hybrid photovoltaic thermal collectors at the edge of the central part for 
supplying electricity to the building and pre-heating air to the solar thermal collectors (Fig 1).  
The TIS system used for the refurbishment of the roof provides a continuous, uniform and modular 
covering and also adds aesthetic values to the roof. The roof has double function, firstly to provide 
protection from external environment, answering to all requirements of a traditional roof, and secondly to 
generate energy (thermal and electrical) from the sun. The total cost of the solar roof is about € 250.000; 
about € 80.000 for the solar thermal air system, € 90.000 for the solar thermal water system and € 34.000 
for the hybrid photovoltaic-thermal plant. The whole project was financed by the Lombardy region with 
EC support programme ALTENER. 
The entire solar roof, which is currently under maintenance phase, is connected to a monitoring system 
to measure continuously the system performance.  
This paper presents the design details and energy performance of solar integration roof of Casargo. The 
building is under monitoring phase. A comparision has been made between the monitored and simulated 
energy performance data. Further the estimation has been made regarding the environmental benefits of 
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the solar roof in terms of CO2 emissions savings, and also an economic analysis has been carried out to 
estimate the financial benefits achieved by the solar roof during its life span. 
Fig. 1. (a) View of Casargo Centre after the refurbishment; (b) Solar thermal system in the central part of the roof; (c) Difference 
between the north and south sloped surfaces of the roof 
2. System integration technologies 
The Solar Integrated Roof include mainly three independent components installed in the same 
aluminum frame: the central part of the solar roof consists of a solar air heating system for pre-heating of 
air mixed in the existing Air Treatment Unit (ATU) for space heating, the two sides of the roof are used 
for solar water heating system for production of hot water and a solar hybrid photovoltaic system to meet 
the partial internal loads of the building, taking advantage of the back ventilation of the modules. 
The solar roof covers the whole south sloped surface with a area of about 390 m2, performing the 
function of energy production, thermal and acoustic insulation and waterproofing. The remaining surface 
of the roof is occupied with the panels used for the installation of cables, pipelines, tubes and channels for 
making connections to the auxiliary equipments of solar energy systems. 
2.1. The TIS system 
The TIS (Tetto Integrale Solarizzato), a result of the research and development collaboration between 
SeccoSistemi S.p.A. and the Politecnico di Milano, consist of an articulate technological interface 
organism, suitable for providing the perfect integration of various types of solar energy technologies in a 
façade or on a sloped roof. 
With its application an interactive membrane is created that can act at the same time as an external 
closing mantle, completely replacing the traditional components, and also as an electricity and heat 
generator using the sun as an energy source. 
2.2. System typology 
The studies and experiments [8-10] carried out at the Politecnico di Milano aimed at the creation of a 
practical and flexible solar envelope system, easy to install and maintain, that would allow the co-
presence of hybrid photovoltaic thermal panels, air or water thermal collectors and non-energetic closure 
elements for the utilization of the whole roof and not only the parts affected by solar installation. 
TIS is a modular covering system with the option to insert the various types of solar modules, 
providing most suitable dimension and configuration for a specific application. 
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2.3. Technical details
The system consists of a principal structure in aluminum jambs (Fig. 2) that is fixed over the envelope
(perimeter wall or roof floor) using chemical raw plugs or other anchoring systems according to the 
specific cases.
The jambs are fitted on the top with a presser mechanism suitable for allowing the installation of the
photovoltaic laminates and glazed sheets. The jambs are equipped by holes to permit the connections
between modules. The vertical width of the jambs creates the air gap for recovering thermal energy and
improving electrical generation from PV modules. The mounting phase of the PV laminates is shown in
Fig. 2(b).
(a) (b) (c)
Fig. 2. (a) Aluminum jambs and insulation layer of the TIS System; (b) Mounting phase of the photovoltaic laminates; (c) Solar
water thermal system components
Inside the structure an insulation layer is inserted, placed in contact with the roof floor or the
brickwork, made of sheet metal box panels, containing insulating material resistant to higher temperature 
(>90°C), ready for insertion between the jambs in special guides. These elements guarantee the heat 
insulation of the covered portion of the building and the different types of modules, and are connected to
each other using male-female joints, in such a way as to create a second layer of sealing against water
coming from the outside or condensation.
Between the upper closure and the lower insulation there is an air gap of 10 cm, organized into many
channels parallel to the jambs, to ventilate the façade or the roof.
2.4. Hybrid technology
The hybrid photovoltaic-thermal collectors, capable of producing both electricity and heat in the form 
of hot air, are realized as an external closure through the insertion of photovoltaic sections into the
integrating structure. To maximize the radiative heat-exchange between the photovoltaic sections and the
insulating box and therefore, improving the convective exchange towards the air, the upper sheet of the
box is covered by a layer of paint with a high absorption coefficient in the infrared range.
2.5. Thermal air collectors 
For thermal modules, the external closure is fabricated by a single sheet of tempered glass with a high
transmission coefficient in the entire spectrum of solar radiation. Inside, above the box, an absorber plate,
made of copper sheet with titanium oxide selective low emission surface treatment is placed.
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2.6. Thermal water collectors  
In the thermal water collectors, the flat absorber plate is fitted with a circulation grid for heating the 
liquid and the circulation of the air inside the air gap (which could have a negative influence on heat 
transfer) is prevented by the insertion of thermo-resistant plastic dividers. 
2.7. No energetic modules 
Finally, the blind/opaque modules consist of a sheet metal closure stiffened through bending at the 
edges and insulated.  
The circulation of air in the system is ensured by the channels with the air gaps formed between the 




  (a)    (b)    (c)    (d) 
Fig. 3. Typologies of collectors integrating in TIS: (a)solar thermal water collector; (b) hybrid photovoltaic-thermal collector; (c) 
no-energetic panel; (d) solar thermal air collector. 
 
3. The project of the Solar Integrated Roof  
The Solar Roof occupies a total of about 390 m2, which includes the entire extension on the south side 
and consists of following three types of solar energy system: 
- solar thermal system for the production of sanitary hot water, constituted by 104 modules, 
installed over the side wings of the roof pitch; 
- solar thermal system for the air-heating, constituted by 104 modules, installed in the central 
area; 
- 3.9 kWp hybrid photovoltaic-thermal system constituted by 26 modules, for partially satisfying 
electrical loads of the building and pre-heating of the air. 
Two arrays of opaque modular elements divide the functional zones of the roof and are used to house 
the connections of the water pipes. 
4. Monitoring system 
For analyzing the performance of intervention and developing further studies on advanced technology 
like hybrid photovoltaic-thermal panels, a sophisticated monitoring system is installed for the 
measurements of meteorological data viz. global solar radiation, ambient air temperature, wind direction 
and speed, humidity, system performance data viz. solar cell temperature, air collector glass and absorber 
plate temperatures, inlet and outlet water collector temperature, storage water temperature etc. The 
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monitoring system also control at the same time the functioning of solar water system, with the sensors 
distributed at different points of the solar modules. The electricity production of hybrid photovoltaic 
thermal system is directly measured by the inverter. 
The monitoring system is constituted by 40 sensors and a data-logger (National Instruments Field 
Point RT 2000) with operative system FARLAP and a management software realized in LABVIEW. The 
system has a provision of 16 analogical inputs for the control and other 8 digital inputs for the control of 
the valves and relays of the water circulation pumps. In addition, there are 4 boxes, each one with 16 
analogical inputs as completion of the acquisition data system. The resolution of the data is carried out at 
16 bit. The control of the solar water system is assured by following sensors:  
- ST1: primary circuit water temperature sensor at the inlet of the heat exchanger;  
- ST2: primary circuit water temperature sensor at the outlet of the heat exchanger;  
- ST3: secondary circuit water temperature sensor before the outlet to the users; System pressure 
transductor;  
- SAT: surface absorber temperature sensor; Air ambient temperature sensor 
The control provides the monitoring of the system and the standard functioning with the activation of 
the pumps of the primary and secondary circuit until the temperature of ST1 is higher than of ST2 and 
ST3. In the air and hybrid systems, the surface temperatures of absorber plates and covering modules 
(glass and PV) are monitored as shown in Fig. 4. 
 
 
Fig.4. Graphic interface of the monitoring system and monitoring of water section of the plant with temperature sensors on the solar 
collectors 
 
5. Energy performance of Solar Integrated Roof 
In the past, simulations studies have been carried out at Politecnico di Milano to predict the energy 
performance of the solar roof and the energy savings achieved [11]. After the completion and the testing 
stage now the monitoring data are available. These data are interesting in respect of validation of the 
models used for the estimated performance of thermal and especially of the hybrid system.  
Fig. 5 shows the simulation and measured results of energy production. The energy production shows 
that electricity generated by hybrid photovoltaic system (PVT) is about 9% higher with respect to 
traditional photovoltaic system (simulated one), so in this case there is double gain: an “additional” 
thermal energy production (warm air) and the electrical efficiency is also improved. 
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In case of thermal energy production, the actual performance is also higher than the simulated one.
Related to the solar thermal water plant (SWH) the value is about 30% higher with respect the simulated
evaluations and the solar thermal air plant (SAH) produces about 7% higher than the measured values.
Fig. 5. Annual energy production of the Solar Integrated Roof
The solar roof produces about 60.000 kWh of thermal energy annually for the production of hot water
by satisfying the 60% of building demand, 25.000 kWh of thermal energy during the heating season for
pre-heating of the air and 4.000 kWh electricity during the whole year. In summer period the system 
circulate air from outside cooling the building.
The energy provided by the solar integrated roof of Casargo contributes about 13% of the total energy
requirement (SWH 8%; SAH 4%, PVT 1%). Furthermore, a reduction in annual thermal demand
(equivalent to 11.000 liters of oil) has been registered due to the energy refurbishment and energy
production by solar integrated roof. Therefore, the major part of the required energy is still provided by oil 
(87%).
The estimation of solar fraction (f) with the f-chart method [12] shows that the energy supply by the
solar thermal water system covers about 65% of annual hot water requirement of the building.
Undoubtedly, the collectors assembled and used in TIS systems shows higher performance with respect 
to traditional products available on the market. Fig. 6 shows the comparison of monthly values of f
obtained corresponding to standard collector [13] and TIS system. Table 1 summarized the values of 
collector parameters used in the calculation of f.
Table 1. Characteristic parameters of solar collector parameters
Parameter Symbol Standard collector TIS
overall heat loss coefficient of the collector UL 4 W/m2K 3.5 W/m2K
collector efficiency factor F’r 0.8 0.9
effective transmittance-absorptance product WD 0.75 0.8
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With standard parameters the value of calculated f is about 55%, however, with the real parameters that
express the characteristics of solar water collectors used in TIS, this value reaches to 65%.
Fig. 6. Comparison of results by f-chart method for CGPA collectors and standard ones
6. Economic benefits and CO2 emission savings 
The total cost of the solar roof amounts to 254.838 € with a specific cost of 653 €/m2. It must be noted
that the cost of a standard refurbishment of a roof similar to the present one without solar plants is about 
216 €/m2, therefore the net cost of the solar intervention can be considered 437 €/m2.
Since the solar renovation of the building is completely financed by the Lombardy region, an
economic analysis has been carried out on annual economic benefits in terms of energy savings derived
from the solar integration roof. The economic analysis is based on NPV (Net Present Value), annual
financial gains (derived from energy savings). For the economic calculations, the market interest rate of 
4%, annual rate of growth in energy (electricity and oil) prices of 2% and maintenance cost of 3% of 
initial investment have been considered. Fig. 6 shows the financial benefits achieved through the solar 
roof in its life span. The higher NPV (red line) is due to the Regional incentives which reduce to zero the
cost of the solar roof; the lower NPV (blue line) is the NPV considering the net cost of the solar roof 
without incentives. In this case it is possible to have a payback time of the roof in 22 years, compatible
with the lifespan of the solar energy systems.
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Fig. 7. Economic benefits of Solar Integration Roof
The benefits identified through this assessment on the use of renewable energy technologies are not 
limited to energy and monetary benefits but also encompass the issue of reducing emissions. For example,
in this case, the solar thermal systems for domestic hot water and pre-heating of air can save about 22
tCO2 emission annually in comparison to an existing conventional heating system (oil based boiler).
Moreover, producing electricity with the hybrid photovoltaic thermal system can save additional 1.73
tCO2 per year. Finally, the overall 24.2 tCO2 emissions can be avoided to the environment. The total
emission saving amounts to 605 tCO2, considering the lifespan of 25 years.
The cost of CO2 emission saving for the solar integrated roof is estimated about 0.72 €/kg CO2.
7. Conclusions
The TIS system employed for solar installation allows to replace traditional roof covering with an 
advanced energy structure, a modular and flexible solar envelope system, capable to integrate completely
with the architecture and provide renewable energy to cover partially the electrical and thermal needs.
The solar integrated roof of Casargo contributes to energy savings for space heating, warm sanitary water
and internal electrical loads. The school building is used during winter to conduct professional training
courses, becomes also during summer period a cultural reference for the whole zone by organizing
conferences, courses and activities and therefore, needs air conditioning for indoor spaces. The major part 
of thermal energy produced during summer period can be used for cooling, for example for the
regeneration of desiccant wheels of the dehumidification system. 
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Since the solar renovation of the building is completely financed by the Lombardy region, the 
economic analysis shows that during the entire life span (considered as 25 years) of the solar integration 
roof, the economic benefits in terms of energy savings estimated to 180.000 €. Further, considering the 
net cost of the solar roof without incentives, the estimated payback time of the roof is 22 years, 
compatible with the lifespan of the solar energy systems. 
In addition to the energy saving achieved, the results have important repercussions in respect of 
environmental protection and sustainability. The use of TIS system in Casargo and the production of 
associated renewable energy, in fact, means, for each year the system is operating, about 24 tons less of 
CO2 emissions to the atmosphere, which corresponds to the “environmental cost” of the conventional 
energy that would otherwise be used.  
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